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ABSTRACT 
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A t ime-shared, m u l t i p l e  access computing system w i t h  remote consoles 
has been developed for use b y  p h y s i o l o g i s t s .  T h i s  i n t e n t  i s  r e f l e c t e d  i n  
t h e  des ign  of t h e  i n p u t / o u t p u t  console u n i t ,  t h e  a n a l o g - t o - d i g i t a l  conver-  
s i o n  r o u t i n e s  and t h e  programming language. The c a p a b i l i t y ,  v e r s a t i l i t y  
and l i m i t a t i o n s  of the  system a r e  demonstrated i n  t h i s  communication by 
d e s c r i b i n g  i t s  use i n  t h e  a n a l y s i s  of n e u r o p h y s i o l o g i c a l  data.  The neuro- 
p h y s i o l o g i c a l  problem concerned the r e l a t i o n  between an impulse t r a i n  
p r o v i d i n g  i n p u t  t o  a neuronal  j u n c t i o n  and t h e  f l u c t u a t i o n s  i n  t h e  post- 
j u n c t i o n a l  membrane p o t e n t i a l  thereby produced. The da ta  was t h e r e f o r e  of  
two forms: as a t r a i n  of impulses and as p o t e n t i a l  f l u c t u a t i o n s  i n  t ime. 
A n a l y s i s  was focused on a s t a t i s t i c a l  d e s c r i p t i o n  of t h e  i n t e r s p i k e  i n t e r v a l s  
and t h e  f l u c t u a t i o n s  i n  p o t e n t i a l .  The mode o f  a n a l o g - t o - d i g i t a l  convers ion  
used depended upon t h e  type  of a n a l y s i s  t o  be performed. 
of these r o u t i n e s  and t h e i r  c o n t r o l  by way of t h e  console i s  descr ibed.  The 
remote console c o n s i s t s  of a 64 b u t t o n  keyboard fo r  i n p u t  and a memory scope 
f o r  o u t p u t ,  
language and technique demonstrated. Some r e s u l t s  o f  t h e  , ~ e u r o p h y s i o l o g i c a l  
d a t a  a n a l y s i s  a r e  shown, 
The c a p a b i l i t i e s  
The l a y o u t  of the keyboard i s  descr ibed and the  programming' 
An e v a l u a t i o n  of t h e  system revea ls  t h a t  the  c o n s o l e ' s  l a y o u t  and 
A/D convers ion  and programming r o u t i n e s  a r e  very  a p p r o p r i a t e  and convenient  
f o r  b i o l o g i s t s '  use. The almost 
hardware and s o f t w a r e  has enhanced 
i n o r d i n a t e  loss of t ime. T h i s  has 
System. 
cont inuous rnodemi z a t i o n  o f  t h e  system's 
i t s  v e r s a t i  1 i t y ,  b u t  has a l s o  caused an 
N e u r o p h y s i o l o g i c a l  Dat-a A n a l y s i s  
\ 
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Pu r pos e : 
D u r i n g  t h e  p a s t  severa l  years a time-shared, m u l t i p l e  access comput ing 
system o f  unique des ign has been developed by the  Data Process ing Labora tory  
of  t h e  B r a i n  Research I n s t i t u t e  a t  t h e  U n i v e r s i t y  o f  C a l i f o r n i a ,  Los Angeles. 
The purpose of t h i s  communication i s  t o  b r i e f l y  d e s c r i b e  the  c a p a b i l i t y ,  
v e r s a t i l i t y  and l i m i t a t i o n s  of t h i s  system w i t h  p a r t i c u l a r  re fe rence t o  
t h e  manner i n  which i t  was u t i l i z e d  i n  a n e u r o p h y s i o l o g i c a l  research program. 
D e t a i l e d  i n f o r m a t i o n  concern ing the computing system (SDS 930 and more 
r e c e n t l y  9300), t h e  remote console system and i t s  s p e c i a l  language, and 
t h e  r e s u l t s  of t h e  n e u r o p h y s i o l o g i c a l  s tudy  a r e  a v a i l a b l e  e l s e  where (Adey, 
1966; Rovner, Brown and Kado, 1966; Betyar ,  1967; Rovner, Johnston and 
Betyar ,  I n  Prep,; L e v i t a n ,  Segundo, Moore and Perke l ,  I n  Prep.). 
The n a t u r e  of t h e  p h y s i o l o g i c a l  problem and t h e  fo rm o f  the  da ta  
o b t a i n e d  w i l l  be d iscussed f i r s t .  
t h e  procedures r e q u i r e d  (such as A / D  convers ion and programming) f o r  t h e i r  
r e a l i z a t i o n  w i l l  be enumerated. F i n a l l y  t h e  console system w i l l  be eva lua ted  
f r o m  t h e  n e u r o p h y s i o l o g i s t ' s  p o i n t  o f  view. 
Next t h e - k i n d s  o f  analyses d e s i r e d  and 
Neurophys io log ica l  Problem: 
The research program of which t h i s  work i s  a p a r t  i s  designed t o  s tudy  
neuronal  i n t e g r a t i o n  a t  the  l e v e l  o f  t h e  s i n g l e  neuron. I n t e g r a t i o n  i s  
d e f i n e d  here  as t h e  r e l a t i o n  between t h e  i n p u t  t o  and o u t p u t  f rom a neuron. 
The i n p u t  t o  a nerve c e l l  c o n s i s t s  o f  impulses o r  sp ikes  i n  a p re-synapt ic  
n e r v e  f i b e r  (F igure  1.a.). These pre-synapt ic  impulses s e t  up f l u c t u a t i o n s  
i n  t h e  membrane p o t e n t i a l  o f  t h e  post -synapt ic  neuron ( F i g u r e  1 .b.). When- 
e v e r  the  ampl i tude o f  t h e  f l u c t u a t i o n s  exceeds a c e r t a i n  t h r e s h o l d  va lue ,  
d 
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i npu lses  a r e  generated i n  t h e  pos t - synap t i c  c e l l  f o r  p ropaga t ion  elsewhere 
i n  t h e  nervous system ( F i g u r e  1.c.). 
were c a r r i e d  o u t  i n  the  i s o l a t e d  v i s c e r a l  gang l ion  o f  t h e  sea s l u g  A p l y s i a  
c a l i f o r n i c a .  F i r i n g  was i n i t i a t e d  i n  a f f e r e n t  f i b e r s  b y  d i r e c t  e l e c t r i c a l  
s t i m u l a t i o n  w i t h  a l a b o r a t o r y  s t i m u l a t o r ,  and t h e  f l u c t u a t i o n s  i n  membrane 
p o t a n t i a l  o c c u r r i n g  w i t h i n  a neuron o f  t he  gang l ion  were mon i to red  w i t h  
an i n t r a c e l l u l a r l y  p laced  g lass  mic roe lec t rode.  Pulses synchronous w i t h  
t h e  ou tpu t  of t h e  s t i m u l a t o r  and p o t e n t i a l s  mon i to red  w i t h  t h e  i n t r a c e l l u l a r  
e l e c t r o d e  were recorded on an FM magnetic-tape recorder . .  The neurophys io-  
l o g i c a l  da ta  was t h e r e f o r e  o f  two types :  i) t r a i n s  of impulses o r  sp ikes ,  
of u n i f o r m  ampl i tude and d u r a t i o n ,  w i t h  the  s t a t i s t i c s  o f  t h e  i n t e r s p i k e  
I n  the  present  s tudy  exper iments 
i n t e r v a l s  o f  i n t e r e s t  (e.9. i n t e r s p i k e  i n t e r v a l  mean, s tandard  d e v i a t i o n ,  
h i s tog ram and a u t o c o r r e l a t i o n  functions), and i i )  f l u c t u a t i o n s  i n  t h e  
neuronal  membrane p o t e n t i a l ,  w i t h  s t a t i s t i c s  o f  these f l u c t u a t i o n s  o f  
i n t e r e s t  (membrane p o t a n t i a l  mean, s tandard  d e v i a t i o n ,  h is togram, and f r e -  
quency spectrum). Before da ta  process ing cou ld  be i n i t i a t e d ,  convers ion  t o  
d i g i t a l  form was necessary and the  approp r ia te  progr ims had t c  be VJr l t ten 
by  t h e  i n v e s t i g a t o r  i n  t h e  s p z c i a l  console language. 
A 
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CONVERSION TO D I G I T A L  FORM: 
Two convers ion  modes a r e  a v a i l a b l e  and t h e i r  use d i c t a t e d  by t h e  type 
i of a n a l y s i s  t o  be subsequent ly  performed. 
of an analog s i g n a l  t o  d i g i t a l  form, the o t h e r  conver ts  t h e  t ime i n t e r v a l  
One mode c o n v e r t s  t h e  ampl i tude 
l b  
I between s p e c i f i e d  events  i n  the  analog s i g n a l  t o  d i g i t a l  form. Both conver-  
I 
L 
s i on modes can be pe r iormed s i mu 1 taneous 1 y . 
~ 
When t h e  ampl i tude and f l u c t u a t i o n s  o f  a p o t e n t i a l  a r e  o f  i n t e r e s t  
t h e  analog s i g n a l  i s  conver ted i n t o  a sequence of numbers whose va lues 
and s i g n s  correspond t o  t h e  ampl i tudes and s i g n s  of t h e  p o t e n t i a l  a t  t h e  
sampled p o i n t s .  
I 
The convers ion  has a p r e c i s i o n  of 10 b i t s  and s i g n  over  a 
range of f 1 v o l t  (& 10 v o l t s  i n  the 9300 system), c o n v e r t i n g  the  extremes 
t o  t h e  numbers rt 128 r e s p e c t i v e l y .  Ten t imes a m p l i f i c a t i o n  o r  a t t e n u a t i o n  
of t h e  analog s i g n a l  i s  p rov ided i n  10 steps by s c a l a r s  in te rposed between 
t h e  i n p u t  l i n e s  and t h e  conver te r .  The d i g i t a l  d a t a  i s  formated i n t o  
records  of 144or  250 samples i n  the 930 and 9300 systems r e s p e c t i v e l y .  
Up to 30 channels of  t h i s  type  of convers ion can be performed s imu l taneous ly  
on t h e  9300 system a t  maximum sampl ing r a t e  of 12K samples/secnnd. 
computer has a 10 microsecond convers ion t ime which may be f u l l y  u t i l i z e d  
The 
i f  t r a n s f e r  o f  d i g i t a l  va lues t o  magnetic tape i s  n o t  requ i red .  On t h e  930 
system 16 channels may be d i g i t i z e d  a t  3.2K samples/second. 
Using t h e  event  d e t e c t i o n  mode o f  t h e  c o n v e r t e r  (Rovner, Johnston and 
B e t y a r ,  I n  Prep.) t h e  t i m e  between s p e c i f i e d  events i n  the  analog s i g n a l  and 
t h e i r  ampl i tudes a r e  conver ted i n t o  a sequence of c o u p l e t s .  Each c o u p l e t  i s  
formated i n t o  a r e c o r d  as a sequence o f  72 complex numbers (125 i n  9300 
system) where t h e  r e a l  p a r t  i s  r e l a t e d  t o  the i n t e r - e v e n t  i n t e r v a l  by t h e  
sampl ing  r a t e  and t h e  imaginary par t  i s  r e l a t e d  t o  the  event  ampl i tude.  
I .  
t 
c. 
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When only the interval is of interest, the digital data is formated into 
records of 144 (or 250 in the 9300 system) real numbers which'correspond 
t o  the lengths of consecutive intervals. 
at present be performed only on the 930 system on a maximum of five 
Conversion of this type can 
channels simultaneously at a maximum sampling rate of 1.6K samples/second/channel. 
The conversion parameters are conveyed to the computer via a conver- 
c 
sation mode program called by the user. He specified i) which input channels 
are to be digitized, i i )  the type of conversion desired in each channel, with 
the option of using one of the inputs as a signal to indicate when to 
initiate . t h e  transfer of digitized values to magnetic tape, and i i i )  the 
sampling rate. The sampling rate is the same for a \ l  channels; thus when 
event detection and continuous conversion are performed simultaneously, the 
sampling rate is dictated by the width of the event to be detected. 
When event detection is desired, or when one of the inputs is a signal 
channel, a threshold must be specified. For the event detection channel, the 
user may also specify whether the maximum amplitude of a detected event i s  to 
be noted and transferred to magnetic tape. When a signal channel is used, he 
may specify how long to continue the transfer of digitized values to 
magnetic tape after a signal to begin is recognized. 
The user may also process the data in a particular channel while conver- 
sion is in progress. Details regarding input channel and the processing 
program would be specified via the conversation mode, and such conversion 
and processing could be done on-line, i.e., during a physiological experi- 
m e n t .  :he presen t  s t u d y  a l l  a n a l y s i s  was done from digital tapes, rather 
i 
Neurophysiological Data Analysis 
7 
r .  
b than on- l ine ,  b u t  t h e r e  i s  no  d i f f e r e n c e  i n  the  way i n  which t h e  computer 
processes o n - l i n e  and o f f - l i n e  data.  
A t w o  b u f f e r  technique i s  used f o r  the  t r a n s f e r  of  d i g i t i z e d  d a t a  t o  
r tape. As i n p u t  d a t a  i s  s t o r e d  i n  one b u f f e r ,  a second b u f f e r  i s  t r a n s -  
I 
f e r r i n g  i t s  con ten ts  t o  magnet ic tape. The ou tpu t  i s  always f a s t e r  than 
t h e  i n p u t .  When t h e  b u f f e r  s e r v i n g  t h e  i n p u t  i s  f i l l e d ,  i t  t r a n s f e r s  i t s  
t c o n t e n t s  t o  magnet ic tape w h i i e  the second b u f f e r  serves t h e  i n p u t .  T h i s  
c y c l e  i s  r e p e t i t i v e  and the  t i m e  a l l o t t e d  t o  o n - l i n e  a n a l y s i s  i s  l i m i t e d  
t o  t h a t  of one complete i n p u t f o u t p u t  cyc le .  When t h e  process ing  t ime 
exceeds t h e  c y c l e  p e r i o d  t h e  system d i s p l a y s  a warn ing  on t h e  u s e r ' s  console 
scope. The user  must then u t i l i z e  a l e s s  ambi t ious program f o r  o n - l i n e  
a n a l y s i s  o r  reduce t h e  sampl ing r a t e .  
To i n i t i a t e  convers ion  t o  d i g i t a l  fo rm the  RUN b u t t o n  on the u s e r ' s  -
console i s  pressed. Trans fer  of d i g i t i z e d  values t o  magnet ic tape begins 
immediate ly  i f  no s i g n a l  channel i s  used, or awa i ts  t h e  s i g n a l  i f  one i s  
s p e c i f i e d .  
A s  t h e  d i g i t i z e d  da ta  i s  t r a n s f e r r e d  t o  magnet ic tape i n  b l o c k s  o f  
144 ( o r  250) numbers, each b l o c k  i s  labeled.  The l a b e l i n g  c o n s i s t s  o f  a 
l e t t e r  A through 2 and f o u r  s p e c i a l  charac ters  r e f e r r e d  t o  as '';I1, 'Id1, 
f I=' I , or 11211 (which correspond t o  i n p u t  channejs 1 through 30 r e s p e c t i v e l y ) ,  
and two numbers. One o f  t h e  numbers, t h e  " c o n t i n u a t i o n  number'', i n d i c a t e s  
t h e  o r d e r  of  the  b l o c k  i n  a sequence of such b locks ;  the o t h e r ,  denoted 
"data l e v e l "  (k), d i s t i n g u i s h e s  between convers ion runs. For  example i f  
t h e  f i r s t  da ta  s t r i n g  t r a n s f e r r e d  t o  d i g i t a l  tape was d e r i v e d  f rom t h e  
second i n p u t  channel and cons is ted  o f  280 d i g i t a l  samples, i t  would be 
i 
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n t o  t w o  b l o c k s  l a b e l e d  BOkl and B l k l .  The l e t t e r  B r e f e r s  t o  t h e  
n p u t  channel ,  c o n t i n u a t i o n  number "0" c o n t a i n s  t h e  f i r s t  b ock of  
250) samples w i t h  t h e  remaining 136 ( o r  30) f i l l i n g  t h e  f i r s t  
t h e  n e x t  b l o c k ,  and IIkl" s p e c i f i e s  t h e  f i r s t  convers ion  run. 
The d i g i t i z e d  d a t a  i s  r e f e r r e d  t o  by these l a b e l s  f o r  subsequent d i s p l a y  
and process ing.  An example of some c a l i b r a t i o n  s i g n a l s  conver ted  by t h e  
event  d e t e c t i o n  and analog mode are shown i n  F i g u r e  2a and b, r e s p e c t i v e l y .  
N e u r o p h y s i o l o g i c a l  Data A n a l y s i s  
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PROGRAMMI NG : 
Once t h e  i n v e s t i g a t o r  has s p e c i f i e d  t h e  type of  a n a l y s i s ' h e  r e q u i r e s  
and has s e l e c t e d  t h e  a p p r o p r i a t e  convers ion mode, he must c o n s t r u c t  t h e  
process ing  programs and present  the  r e s u l t s  i n  a u s e f u l  form. I n  t h i s  
s e c t i o n  t h e  remote c o n s o l e ' s  layout  w i l l  be descr ibed and t h e  method o f  
programming demonstrated. 
The remote console i s  an i n p u t / o u t p u t  dev ice  t h a t  a l l o w s  d i r e c t  i n t e r -  
communication w i t h  t h e  computer. I t  c o n s i s t s  o f  a 64 b u t t o n  keyboard f o r  
input and a memory scope f o r  ou tpu t .  Each b u t t o n  may be i n t e r p r e t e d  i n  
an upper and lower  case, where the upper case i s  an o p e r a t o r  and t h e  lower  
case an operand. 
of t h e  accumulator,  o t h e r s  r e q u i r e  t h a t  an operand (number or address) be 
s p e c i f i e d .  A l though t h e  lower case maaning of  each b u t t o n  i s  c o n s t a n t ,  
t h e  upper case meaning may b e  var ied.  
Some of t h e  opera tor  b u t t o n s  a c t  d i r e c t l y  on t h e  c o n t e n t s  
Each'set  of 64 opera tors  i s  c a l l e d  an 
o p e r a t o r  l e v e l  and 60 such s e t s  are p o s s i b l e .  
l e v e l s ,  c o n t a i n  b a s i c  a r i t h m e t i c  and systems programs coded i n  machine 
language, and a r e a v a i l a b l e  t o  a l l  users b u t  cannot be a l t e r e d  hy them. 
remain ing  50 l e v e l s ,  denoted user  l e v e l s ,  a r e  i d e n t i f i e d  w i t h  a l p h a b e t i c  
l e t t e r s  and symbols. The meaning of a lmost a l l  the  b u t t o n s  on these l e v e l s  
Ten o f  these, donated system 
The 
may be a l t e r e d  by s u b s t i t u t i n g  a user 's  program. Thus, each o f  these l e v e l s  
may i n c l u d e  a combinat ion of systems programs and user  programs. The user  
l e v e l s  a r e  t h e  p r i v a t e  l i b r a r i e s  of each user.  Unless a l t e r e d  by t h e  user  
each b u t t o n  on t h e  user  l e v e l s  has t h e  d e f i n i t i o n  l i s t e d  i n  Appendix A. 
A i i c n r  n o n c r z ~ t ~  3 nronrafi  bit c t r ; n n ; n n  t n n o t h o r  ~y~t-fi! !p\./z! 
I 3-"- ' -L.-  I- 3 T - - .  " ' J " ' 3  - -3-  -..-. .. ..I-. 
programs and/or p r e v i o u s l y  def  
t h e  u s e r  l e v e l  d e s i r e d ,  s e l e c t  
1 
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and press the  b u t t o n  under which t h e  new 
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program w i l l  be p laced  and choose and press a f o u r  l e t t e r  name f o r  t he  
program. A f t e r  t h a t ,  t h e  program i s  s p e c i f i e d  by p r e s s i n g  t h e  d e s i r e d  
keys i n  o rde r .  The l e n g t h  of any program i s  l i m i t e d  t o  114 (or 250) 
b u t t o n  pushes, b u t  b y  r e f e r r i n g  t o  o t h e r  user  programs as subrou t ines  
t h e r e  i s  p r a c t i c a l l y  no 1 i m i t a t i o n  t o  program length .  The i n t e r p r e t a t i o n  
and execu t ion  of a user  program i s  done by t h e  conso le  programming language 
wh ich  i s  c a l  l e d  t h e  Shared-Laboratory-l  n t e r p r e t  ive-Processor  (SLIP). 
To , i l l u s t r a t e  how a - s h o r t  program would be w r i t t e n  cons ide r  t h e  
problem of g e n e r a t i n g  the f u n c t i o n  (us ing  F o r t r a n  n o t a t i o n )  
where X represents  t h e  conten ts  of t h e  accuniulator and may be a s i n g l e  
number ( s c a l a r )  or a s t r i n g  of severa l  numbers ( v e c t o r ) .  We choose t o  
r e p l a c e  t h e  upper case f u n c t i o n  of t he  b u t t b n  - WAIT on user  l e v e l  A w i t h  
t h e  program named GAUS th rough the f o l l o w i n g  sequence o f  b u t t o n  presses:  
LEV Ao PROG WAIT G A U S o )  
(2;:PI)$=:(.5) = 2.5056, and each under l i ned  word i s  one b u t t o n  press,  as a r e  t h e  
o t h e r  cha rac te rs  (see Appendix A) .  The rea f te r ,  when the  WAIT b u t t o n  i s  
depressed when work ing  on user  l e v e l  A, the  Gaussian f u n c t i o n  o f  t he  accumu- 
l a t o r  con ten ts  (X) i s  ob ta ined  and t h e  r e s u l t '  l e f t  i n  t h e  accumulator  i n  
p l a c e  of X. T h i s  program can a l s o  be used as a sub rou t ine  and r e f e r r e d  t o  
i n  subsequent use r  programs. 
2' /-2O - EXP /2.5056O -- RETN END; where - ------ 
The development of more complex programs, such as those used i n  t h e  
present  s tudy ,  r e q u i r e s  s i m i l a r  but  more lenqthy  coding.  The f i r s t  con- 
s i d e r a t i o n  i s  t h e  t y p e  o f d e s c r i p t i o n  des i red ,  Next a f l o w  d iagram i s  
c o n s t r u c t e d  which shows how the  b locks of  data on d i g i t a l  tape should be 
Neurophys io log i ca l  Data Ana lys i s  
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r e t r i e v e d  and man ipu la ted  t o  g i v e  t h e  des i red  d i s p l a y  o f  r e s u l t s ,  and 
what i n i t i a l i z a t i o n  parameters a r e  requ i red .  The b l o c k s  o f  t he  f l o w  
diagram a r e  then r e w r i t t e n  i n  t h e  console language. F i n a l l y ,  t h e  t o t a l  
program i s  d i v i d e d  i n t o  subrout ines  based upon the  imposed l i m i t a t i o n s  
on a s i n g l e  program's l e n g t h  o r  the f u n c t i o n . o f  a b l o c k  i n  the f l o w  . 
diagram. 
Debugging of t h e  program begins w i t h  the assumption o f  some dummy 
d a t a  and a s tepwise  examinat ion  of t h e  program on paper.  A f t e r  obvious 
f l a w s  a r e  c o r r e c t e d  by t h i s  rou t i ne ,  the program i s  en te red  i n t o  the  
computer.by t h e  method i l l u s t r a t e d  above and t e s t e d  again,  e i t h e r  w i t h  
computer generated data o r  w i t h  rea l  d i g i t i z e d  da ta  whose parameters a re  
a 1 ready known. 
generated prob 
t h e  r a p i d  t u r n  
Under i d e a l  
ems, convers 
round t ime. 
c o n d i t i o n s ,  i.e., i n  t h e  absence o f  
on t o  a work ing  program i s  very  rap 
A 
Neurophys i 01 o g i c a l  Data Ana 1 ys i s 
any computer 
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c 
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As no ted  above, t h e  neurophys io log ica l  data i n  t h i s  s tudy  was i n  t h e  
f o r m  of f l u c t u a t i o n s  i n  membrane p o t e n t i a l  and t r a i n s  o f  nerve impulses. 
Upon convers ion  t h e  d i g i t a l  d a t a  cons is ted  of  b locks  of  numbers r e l a t e d  t o  
t h e  sampled ampl i tudes o f  t h e  p o t e n t i a l s  a n d . t h e  i n t e r v a l s  between 
consecut ive  impulses. 
Two main programs were developed t o  analyze i n t e r s p i k e  i n t e r v a l  
s t a t i s t i c s .  One determined t h e  i n t e r s p i k e  i n t e r v a l  mean and s tandard 
d e v i a t i o n  of t h e  t r a i n  and d i s p l a y e d  t h e  f i r s t  o r d e r  i n t e r v a l  h is togram 
(Moore, e t  al., 1966); a l i s t i n g  of t h i s  program i s  g i v e n  i n  Appendix 6 .  
The second major  program d i s p l a y e d  t h e  a u t o c o r r e l a t i o n  f u n c t i o n  o f  the  
impulse t r a i n  (Perke l ,  - e t - O f  a1 1967). 
One of t h e  o b j e c t s  o f  the present  s tudy was t o  compare t h e  neuronal  
response t o  random and r e g u l a r  inpu t .  To p r o v i d e  random i n p u t ,  a Geiger  
c o u n t e r  exposed t o  a weak r a d i o a c t i v e  source was used t o  t r i g g e r  s t i m u l i  
t o  a f f e r e n t s  o f  t h e  gangl ion,  Except f o r  t h e  f a c t  t h a t  t h e  i n t e r v a l  
between two events  can be no s m a l l e r  than t h e  deadtime o f  t h e  counter ,  
such a s t i m u l u s  t r a i n  resembles a Poisson process ( F e l l e r ,  1957). The 
i n t e r v a l  h is togram should be n e a r l y  exponent ia l  and t h e  au tocor re logram 
n e a r l y  f l a t .  To o b t a i n  t h e  i n t e r v a l  h is togram the d i g i t a l  d a t a  was 
processed one r e c o r d  a t  a t ime. As each ' record  was processed i t s  mean 
i n t e r v a l  and t h e  cumula t ive  i n t e r v a l  h is togram were d i s p l a y e d  on t h e  scope. 
A t  t h e  c o n c l u s i o n  of  t h e  process a cumula t ive  i n t e r s p i k e  i n t e r v a l  mean, 
s t a n d a r d  d e v i a t i o n  and f i r s t  o rder  h is togram were d isp iayed.  Process ing 
o f  one such random t r a i n  c o n t a i n i n g  1440 i n t e r v a l s  took  33 seconds f o r  144 
samples/b lock o r  25 seconds f o r  250 samples/block and i s  i l l u s t r a t e d  i n  
F i g u r e  3 . a .  The autocor re logram program operates on d a t a  segments o f  
i 
N e u r o p h y s i o l o g i c a l  Data A n a l y s i s  
13 
l e n g t h  equal  t o  t h e  s p e c i f i e d  range of t h e  au tocor re logram and t h e  
r e s u l t s  of success ive segments a r e  summed. 
of 500 or 1000 seconds t o  process 1440 i n t e r v a l s  i n  d a t a  b l o c k s  of  250 
T h i s  program t o o k  an average 
and 14.4 samples r e s p e c t i v e l y ,  and d i s p l a y e d  t h e  
To compare t h e  e f f e c t  which i n p u t s  o f  vary  
have upcn tho, output  of 2 ~ e g r o n ,  h i ~ t g n r a m s  J I 1 1 1 1  of 
i n  membrance p o t e n t i a l  were obta ined.  Such a h 
probabi  1 i t y  d e n s i t y  f u n c t i o n  o f  the membrane PO 
r e s u l t s  shown i n  F i g u r e  3,b. 
ng s t a t i s t i c a l  c h a r a c t e r  
t h e  res !J ! t l r?g  fluctuations 
stogram es t imates  the  
e n t i a l ,  I t  i s  a d i s p l a y  
of t h e  r e l a t i v e  t ime spent a t  a p a r t i c u l a r  membrane p o t e n t i a l  on t h e  
o r d i n a t e  a g a i n s t  t h e  membrane p o t e n t i a l  on t h e  abc issa.  The area. under 
t h e  h i s t o g r a m  between any two values o f  p o t e n t i a l  es t imates  t h e  f r a c t i o n  
of t i m e  d u r i n g  wh ich  t h e  p o t e n t i a l  l i e s  between these va lues,  and t h e  area 
t o  t h e  r i g h t  a f  a p a r t i c u l a r  p o t e n t i a l  g i v e s  t h e  f r a c t i o n  o f  t i m e  t h e  
p o t e n t i a l  i s  above t h a t  va lue,  The p o t e n t i a 1  h is togram o f  a s i n e  and 
t r i a n g u l a r  f u n c t i o n  a r e  i l l u s t r a t e d  i n  F i g u r e  4. These were used f o r  
check ing  t h e  c o r r e c t  execut ion  of  t h e  program. The program developed f o r  
d e t e r m i n i n g  the  membrane p o t e n t i a l  mean, s tandard d e v i a t i o n  and h is togram 
i s  a l s o  shown i n  Appendix B .  Except f o r  the  i n i t i a l i z a t i o n  o f  such 
parameters as t h e  d a t a  l a b e l ,  and t h e  range and b i n  w i d t h  o f  t h e  d i s p l a y e d  
h is togram,  t h i s  program u t i l i z e s  the same subrout ines  as he i n t e r v a l  
program t o  c a l c u l a t e  t h e  mean and s tandard  d e v i a t i o n ,  and d i s p l a y  t h e  
h is togram. It thus  takes about the same t ime t o  process 440 samples of 
p o t e n t i a l  data.  
F i g u r e  5 compares the p o t e n t i a l  f l u c t u a t i o n s  under r e g u l a r  and 
G e i g e r - d r i v e n  s t i m u l a t i o n s  a t  a mezn r a t e  o f  3/second. Each i n p u t  form 
produces a d i f f e r e n t  membrane p o t e n t i a l  h is togram, as seen a t  t h e  bot tom 
Neu rophys i 01 0 3  i ca 1 @a t a  Arla 1 y s  i s 
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u r 
t 
of the illustration. A narrow relatively uniform histogram was derived 
from regular excitation, while a broad skewed histogram was produced by 
Geiger excitation. 
under each curve is the same. It is evident from these histograms that 
the two inputs will in general not be equally effective in evoking 
discharge from the cells. For a spike threshold, like A in Figure 5, 
that i s  relatively high, i.e., less negative than the mean depolarization 
level, the Geiger-driven stimulus would be more effective, since the 
The curves have been normalized so that the, area 
fraction of time above threshold. Contrasting 
B,  more negative than the mean depolarization 
co'rresponding histogram indicates that the potential spends a greater 
like 
ation 
y, with a threshold 
evel, regular stimu 
would be more effective. 
The neurophysiological study has thus far been limited to the 
examination of the relationship between pre-synaptic spike train 
statistics and the membrane potential histogram of the post-synaptic 
neuron. Spectral analysis of the potential fluctuations in the post-synaptic 
cell is anticipated in the near future but user programs have not 
been developed. Through the use of such systems programs as - ZERO 
(see Appendix A), which are already available, and provide an ind cation 
of zero crossings and the convolution of the two functions, respectively, 
a user program for spectral analysis should be readily forthcoming. 
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EVALUAT I ON: 
In the preface to a monograph analyzing time-shared computing 
systems (Scheer, 1967), Teager outlines four interconnected factors 
upon which the performance of a computing system depends: i) "the 
- application and user population," i i) 'Ithe language and device interface 
through which communication to the machine is achieved," i i i )  "the 
internal programming systems that translate user specifications into 
machine processes," and iv) Itthe central processing and accessible 
storage capability o f  the equipmentper I se." He adds the obvious, 
though important comment, "the observed behavior of  a system i s  
largely dictated by the weakest link in the user-language-software- 
hardware chain." We will evaluate the present system in these terms. 
The user population has consisted mainly of biological scientists 
whose primary interest is in neurophysiologq. Those more comfortable with 
mathematics tend to seek the computers aid more frequently. Prior to 
their exposure to the present system most had minimal computer 
experience and that experience was usually via an intermediary. Potential 
users have approached the computer with the intent of utilizing it for a 
spectrum of tasks such as: Itdesk-calculator'' computation, data reduction, 
stimulation or modeling and on-line experimentation. 
The programming language and device .interface are quite appropriate 
for the intended user population and their requirements. The I'wordsl' 
of the language are mostly self-explanatory but an introductory course and 
manual a r e  indlspcnsible aids f o r  gaining an appreciation of the word 
meanings and programming techniques. Most rapid learning occurs at the 
Neurophysiological Data Ana1;s is 
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console i t s e l f  through exper ience,  The r a p i d  turnaround t ime a f f o r d e d  
by t h e  conso le  system i s  p a r t i c u l a r l y  h e l p f u l  a t  t h i s  s tage f o r  r e i n -  
The so f tware  o r  systems programs o f f e r  
o p e r a t  ions  and have been qui t e  adequate f o r  
The conversa t ion  mode 
easy to u s e  and q u i t e  
me sampl ing r a t e  a v a i  
forcement o f  c l e v e r  usage or dramat ic  i n d i c a t i o n  of e r r o r s .  The r a p i d  
turnaround i s  a l s o  enormously h e l p f u l  t o  more p r o f i c i e n t  users f o r  the  
development and debugging o f  new programs. 
The ianguage and programming procedure a r e  ddvdntageous frorrl another  
p o i n t  of  view. Exper ience w i t h  t h i s  type  o f  dev ice  leads t o  an appre- 
c i a t i o n  o f  t h e  c a p a b i l i t i e s  and l i m i t a t i o n s  of computers i n  genera l .  
I t  impresses upon t h e  i n v e s t i g a t o r  t h e  importance of  r o u t i n e l y  and 
c a r e f u l l y  check ing  even e s t a b l i s h e d  programs w i t h  a c a l i b r a t i o n  s i g n a l  
of t h e  same t y p e  and range as h i s  a c t u a l  data.  The exposure a l s o  teaches 
t h e  i n v e s t i g a t o r  how t o  phrase the ques t ions  he wishes t o  ask o f  h i s  
d a t a  so as t c  q u i c k l y  a r r i v e  a t  a computer a ided s o l u t i o n .  
a g r e a t  v a r i e t y  o f  b a s i c  
hand1 i n g  t h e  k i n d s  of problems 
f o r  c o n t r o l l i n g  analog- to-  
v e r s a t i  l e .  I t s  pr ime 1 i m i t a t i o n s  
a b l e  f o r  event  d e t e c t i o n  ( 1 . 6 ~  
samples/second) and i i )  t h e  r e s t r i c t i o n  of a common sampl ing r a t e  f o r  a l l  
i n p u t  channels regard less  of convers ion mode. Both these l i m i t a t i o n s  w i l l  
be r e c t i f i e d  i n  t h e  near f u t u r e .  
The f a c t  t h a t  the  system i s  s t i l l  i n  the  development s tage has posed 
Some s e r i o u s  problems f o r  t tsers. When the  930 system was work ing  r e l a t i v e l y  
r e l i a b l y  i t  was rep laced b y  t h e  l a r g e r ,  more v e r s a t i l e  9300 system. The 
new systeni o f f e r e d  t h e  advantages o f  increased speed and memory s i z e ,  which 
i n  t u r n  meant f a s t e r  convers ion  r a t e  and execut ion  t i m e ,  more systeni 
d e a l t  w i t h  thus  f a r .  
d i g i t a l  convers ion  i s  
a r e  i) t h e  low r e a l - t  
Ne u I- op h y s  i 0 1 o y i ca  1. 0 a t a A n  a 1 ys i s 
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programs (e.g., c o n v o l u t e  ope ra t i on )  and the  capabi 
r 
addressing. A ma jor  i n n o v a t i o n  was t h e  a d d i t i o n  o f  
6.. ' 
5 device.  T h i s  p e r m i t t e d  very  r a p i d  s t o r a g e  and r e t r  
- 
. .. 
i t y  f o r  i n d i r e c t  . 
a d i s k  s to rage  
eva 1 by seve r a  1 
I t  users  w i t h o u t  t h e  s l i g h t e s t  i n d i c a t i o n  t h a t  o t h e r  users were p resen t .  
P r e v i o u s l y  a magnet ic tape u n i t  was used as the  common s c r a t c h  o r  
work ing  area, and r e t r i e v a l  and s to rage de lays  v a r i e d  f rom " imperceptable" 
(300 msec.) t o  "unbearable" when two users t r i e d  t o  access the  same tape 
- (Wal te r ,  1966). 
- 
- 
- I The advantages were balanced however by t h e  i n t r o d u c t i o n  of problems 
-- 
I - 
~ 
a lmost  i n h e r e n t  i n  t h e  i n s t a l l a t i o n  of a new system. The delays caused.  
by system e r r o r s  and t h e  debugging o f  conver ted  system programs l i m i t e d  
the  t ime  competent users  were w i l l i n g  t o  spend u t i l i z i n g  e s t a b l i s h e d  
programs or deve lop ing  new ones, and some p o t e n t i a l  users avoided t h e  
y was reached where the user 
t h  h i m s e l f  o r  w i t h  the  machine. 
n t e r f a c e  and so f tware  a r e  q u i t e  
a p p r o p r i a t e  and conven ien t  f o r  b i o l o g i s t ' s  use. The most f requen t  
computer e n t  i r e l y .  The p o i n t  f requent  
was n o t  s u r e  whether t h e  t r o u b l e  l a y  w 
I n  summary, t h e  language, device 
c r i t i c i s m  has been aroused by delays due t o  breakdowns i n  the  c e n t r a l  
p rocess ing  system. 
i n s t a l l a t i o n  and a r e  o f t e n  s i g n i f i c a n t  even a f t e  a year,  i t  i s  f e l t  
t h e  frequency of such major changes be minimized and t h a t  e x i s t i n g  
systems be u t i l i z e d  u n t i l  work i s  s e r i o u s l y  hand capped by the  i nhe ren t  
Since these a r e  a t  t h e i r  maximum f o l l o w i n g  the  system's 
!imitatlcns. 
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1. F l o w  c h a r t  of INTERSPIKE INTERVAL O R  AMPLITUDE HISTOGRAH PROGRAM; 
k 
I 
INHS and INH2 o r  AI'sHS 
! N ! T I P, L ! z E A ,?'D 
F P U T E  1 
2 SEE APP. B 3a ,b .  
PARAPiETERS 
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E 
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k 
c 
4. Symbolic Data References 
a. Scalars. 
G = Mean of numbers in data block 
U = Sum of  mean squared of each block, C 
i 
V = Cumulative mean squared 
M = Sum of  mean of each block, C G - at conclusion of 
2 
i G 
i ’  i 
processing contains cumulative mean. 
P = Sum of variance of each block, C u 2 ; at conclusion 
i 
contains cumulative standard deviation. 
b.  Vectors 
H = Cumulative histogram vector 
I3 = Data vector 
R = Working buffer 
Neurophysiological Data  Analysis 
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Figure 1. Diaqran of Experincntal Procedure and Data - Form. 
In the center is a representation of an isolated visceral ganglion 
of Aplysia californica with its connectives. One afferent fiber is shokin 
entering the ganglion at the upper left, and reaching a cell which in turn 
sends an efferent process out of tte ganglion at the lower right. 
- a illustrates a train of pulses delivered to the nerve by a stimulator. 
- b shows the r i ~  nbrane potential fluctuations monitored by the microelectrode 
within the ce 1.  After  the third stimulus the menbrane potential reaches 
the threshold potential and a spike  i s  produced i n  the cell. 
the spike as it would appear in the axon of the cell in anocher connectivs. 
Insert 
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Figure 2 .  Ansloq-to-Diqital  Conversion. 
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a )  A t  the  top an analog record of a s p i k e  t r a i n  is shown, where 
t h e  i n t e rva l  between consecut ive spikes  va r i e s  from 800 mi l l i seconds  
t o  100 mi l l i seconds .  T h i s  t r a i n  was d i g i t i z e d  u s i n g  the event de t ec t ion  
mode a t  a r a t e  of 200 sarnples/second and s to red  on d i g i t a l  tape w i t h  
the  labs1 B O k l .  Below i s  a p l o t  of the d i g i t a l  record f o r  the  analog 
t r a i n .  I t  was recovered from the  d i g i t a l  tape and displayed on the 
scope by the  sequence of but ton pushes: -- L04D EOkl - PLOT. The o r d i n a t e  0 
of t h e  d i s p l a y  i s  t h e  l e n g t h  of consecutive i n t e r v a l s  i n  numbers w h i c h  
a r e  proport ional  t o  the s a m p l i n g  r a t e ,  and the  absc issa  g i v e s  t h e  o rder  
of t h e  i n t e r v a l .  fit r i g h t  is a c a l i b r a t i o n  f o r  the l e n g t h  of the i n t e r v a l s .  
b )  A t  t o p  i s  a s inusoida l  func t ion  of 2 . 5  cps .  When d i g i t i z e d  a t  
a r a t e  of 200 sarnples/second and  recovered i r o n  the tape by the  in s t ruc -  
0 
t i o n s  --LOAD Bok2 - PLOT i t  appears on t h e  scope as  the seql;ence of samples 
s:?owr: below. T h e  o r d i n a t e  of the  d i g i t i z e d  d isp lzy  i s  i n  numbers whose 
s i g n ' a n d  s i z e  a r e  proport ional  to t h e  s i S n  and s i z e  sf the  analog d a t a ,  
and t h e  absc i s sa  g i v e s  the order  of the sample. 
Ne;r,-opliysiological Data Analysis 
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Figure 3 .  I n t e r s p i k e  f f i t e rva l  H i s t o x a n  and Autocorrelogram of  Inpulse  
Tra in .  
P 
a) I n t e r ' s p i k e  i n t e r v a l  mean ( i n  seconds) ,  s tandard dev ia t ion  ( i n  sec )  
and histogram f o r  an i m p u l s e  t r a i n  o f  1&0 i n t e r v a l s  generated by a t 
., . 
Geiger counter  exposed to  a weak rad ioac t ive  source.  Number i n  upper 
r i g h t  corner  (.199) i s .  t h e  nean i n t e r v a l ,  i n  secocds,  of t h e  l a s t  144 
i n t e r v a l s  i n  the  t r a i n .  Histogram i s  normal'ized s o  t h a t  the a rea  under 
i t  is 1 and thus  o r d i n a t e  gives  the r e l a t i v e  frequency of the var ious 
i n t e r v a l  l e n g t h s  i n  the t r a i n .  There a r e  144 b i n s  over the  ranse of 1.5 
seconds.  
b)  Autocorrelogrsn f o r  the  sane impulse t r a i n .  There a r e  lk4 b i n s  
over the 15 second range of t h e  autocorrelo~rm. 
, 
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EXamples o f  histog:ms derived from periodic sine (a) and triangular 
(b) functions, generated electronically and digitized i n  the same way 
as the intracelliilar records. Each display shows a sample of the 
digitized potential as a function of tine, running vertically, and above 
it the corresponding histogram. a )  The sinusoid spends relatively nore 
tine at the extrem values than between p e a k s ,  so the histogram shows a 
mode a t  each extrme of  the range. b) T h e  triaqular function is linear 
beween the extrerxes and spends an equal amount o f  t i r c e  at all potentials, 
thus yierding a uniform'histogyan. 
- -  
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F i g u r e  5. Comparison of Effect of Reqular and Trreqular Excitation. 
. Membrane potential fluctuations of cell receiving a single excitatory 
input at a m a n  rate of 3/ssc, regularly (top) and irresularly (bottom). 
The mean displacement of the membrane potential from its resting level 
was 10.7 mV under both types of stimlaiion. 
the histograms associated with these oscillations. The relatively mrrow 
and uniform histogram corresponds to regular excitations, the broad and 
Scope display below compares 
skewed histogram i s  the result of Geiger-driven excitation. Histograms 
are normalized so that area under each is the same. Values of potential 
indicated by A and 8 in the intracellular records correspond approximately 
to the levels o f  potential so l a b e l e d  in the histoc,rarn. 
, 
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